Abstract: The gastrointestinal tracts of broiler chickens contain complex microbial communities that influence numerous aspects of the chickens' health and development. The objective of this study was to analyze and compare the composition and diversity of the microbiota in the gastrointestinal tract sections of broiler chickens. This analysis was performed by 454 pyrosequencing using the V3-V6 region of the 16S rRNA genes. Samples collected from 14 healthy, 42 d old Cobb broiler chickens revealed that the dominant bacterial phyla in the seven gastrointestinal sections were Firmicutes, Bacteroidetes, and Proteobacteria. At the genus level, Lactobacillus was predominant in the upper gut (gizzard, proventriculus, duodenum, and jejunum) and ileum, whereas unclassified Lachnospiraceae, unclassified Ruminococcaceae, unclassified Synergistaceae, Bacteroides, and Ruminococcus were predominant in the lower gut (ceca and cloaca). Eight lactic acid bacteria species were found in the gastrointestinal tract sections of chickens. Principal coordinates analysis showed that the microbial communities from each gastrointestinal section could be separated into three groups according to similarity of community composition: the upper gut, ileum, and lower gut. Venn diagrams illustrated the distribution of shared and specific operational taxonomic units among the different gastrointestinal tract sections. Our results might be attributed to the probiotic development and performance improvement of broiler chickens.
Introduction
The gastrointestinal tracts of poultry harbor complex, diverse, and dynamic microbial communities (Zhu et al. 2002) . These microbial communities play an important role for the health and production performance of the host (Yegani and Korver 2008; Chambers and Gong 2011) . During the processes of nutrition, metabolism, physiology, and immunity, the microbial community can promote digestion and absorption of nutrients, stimulate the immune response of the host, and enhance resistance to infection (Apajalahti et al. 2004; Brisbin et al. 2008; Rinttilä and Apajalahti 2013) . The gastrointestinal microbiota provides the host with an extensive array of enzymes, vitamins, and proteins (Shakouri et al. 2009; Yeoman et al. 2012) . In addition, the gastrointestinal microbiota has an obvious antagonistic effect on pathogenic bacteria by means of colonization resistance, immune modulation, and the production of antimicrobial substances such as hydrogen peroxide, bacteriocin, and organic acids (Lee et al. 2010 ). However, many factors can affect the composition of the gastrointestinal bacterial community in chickens, including diet, age, antibiotic administration, and infection with pathogenic organisms (Lu et al. 2003) . It is now recognized that a better and sufficient understanding of the composition and diversity of the gastrointestinal microbial community is required to further enhance the growth and gut health of poultry.
In the previous study, the study of intestinal microorganisms relied mainly on the use of both culturedependent and culture-independent methods (Hong et al. 2011 ). However, a high percentage of microbiota, in the intestinal tracts, has not been cultured in vitro. Therefore, it is difficult to reflect the whole picture of the intestinal microbiota. Culture-independent methods mainly included denaturing gradient gel electrophoresis (Petersson et al. 2009 ), temperature gradient gel electrophoresis (Sokol et al. 2006) , single-strand conformation polymorphism (Hein et al. 2003) , terminal-restriction fragment length polymorphism (T-RFLP; Sjoberg et al. 2013) , and fluorescence in situ hybridization (Bezirtzoglou et al. 2011 ). However, due to the requirements of a fluorescently labeled primer or nucleic acid probe, and electrophoresis, these molecular biological methods are considered labor and time intensive. In addition, they are semiquantitative and have been proven to have low sensitivity and being capable of detecting only abundant microbial taxa (>1%).
With the advent of next-generation techniques, Roche 454 pyrosequencing platform provides new approaches for researchers to investigate complex microbial communities (Gilles et al. 2011 ). This platform was not required for the clone library and had high throughput efficiency and sensitivity (Droege and Hill 2008) . The 454 pyrosequencing platform integrates single emulsion polymerase chain reaction (PCR), microfluidics technology, and pyrosequencing technology (Sjoberg et al. 2013) . The application of this approach enabled us to successfully analyze several samples at a time, which significantly reduced experimental cost and improved efficiency.
Several studies of the normal microbial composition in the ileum and ceca of chickens have been reported in the literature. The ileum was found to be the principal site of nutrient absorption, and the dominant bacterial species was found to be Lactobacillus (Gong et al. 2007 ). In contrast, the ceca were found to be the sites of extensive bacterial fermentation, detoxification of harmful substances, and prevention of pathogen colonization. The dominant bacteria of the ceca were the Clostridia species (Torok et al. 2011) . As far as the authors are aware, there has been only one reported study regarding the systemic pyrosequencing of the colonization rule of various parts of the entire digestive tract (Choi et al. 2014) . In that study, DNA samples extracted from seven different regions (crop, gizzard, duodenum, jejunum, ileum, ceca, and large intestine) along the gastrointestinal tract were subjected to bacterial-community analysis by pyrosequencing of the V1-V3 region of the 16S rRNA gene. However, the objective of our study was to perform a preliminary characterization of the composition and diversity of microbiota and reveal the regional similarity and dissimilarity of microbial community within the gastrointestinal tracts of broiler chickens by 454 pyrosequencing using the V3-V6 region of the 16S rRNA gene. A thorough understanding of the impact that different microbial communities have on the health and disease of broiler chickens will serve as a basis for further studies. Moreover, it will broaden our understanding of chicken gastrointestinal microbial ecology and provide a scientific base for the effective development and use of probiotics.
Materials and Methods

Animals and sampling
Fourteen, healthy, 42 d old Cobb broiler chickens were obtained from a commercial farm. Chickens were raised in a rearing pen in a temperature-controlled room, with free access to water. Birds were fed ad libitum a commercial corn-soybean meal diet that contained no growth-promoting antibiotics. A starter feed was provided until the birds were 21 d old, which was then replaced by a grower feed from day 22 to day 42. The exact diet composition and nutrition level are shown in Table 1 , which were referenced from the Ministry of Agriculture of the People's Republic of China (2004) feeding standard for poultry nutrition and the National Research Council (1994) guidelines for broiler chickens. The chickens were eventually slaughtered by cervical dislocation. Chickens were euthanized by the method approved by the local animal care committee. The full gut was removed aseptically, clamped with forceps, and placed in sterile Erlenmeyer flasks on ice. The seven gastrointestinal sections (gizzard, proventriculus, duodenum, jejunum, ileum, ceca, and cloaca) were cut open with sterile scissors. The contents were excised, immediately frozen in liquid nitrogen, and stored at −80°C until DNA extraction was performed.
DNA extraction
Genomic DNA from the microbiota in the gastrointestinal tract sections (gizzard, proventriculus, duodenum, jejunum, ileum, ceca, and cloaca) of broiler chickens was extracted using E.Z.N.A.™ Bacterial stool DNA isolation kits (Omega Biotech, USA) according to the manufacturer's instructions. DNA extraction protocols can produce bias because the cell wall structures of bacteria were different. The bead beating procedure, belonging to a mechanical destruction of the bacteria cell wall, was incorporated to perform DNA extraction for overcoming the bias. The quality of the extracted DNA was assessed using agarose gel electrophoresis and was quantified using a NanoDrop spectrophotometer measuring OD 260 /OD 280 .
Polymerase chain reaction amplification of the V3-V6 region of bacterial 16S rRNA genes
The DNA extracted from each sample was amplified with a set of primers targeting the hypervariable V3-V6 region of the 16S rRNA gene. The forward primer was 338F: 5′-CTCCTACGGGAGGCAGCAG-3′ and the reverse primer was 1046R: 5′-CGACAGCCATGCANCACCT-3′. The forward primer contained the sequence of the Titanium A adapter and a 9 bp barcode sequence. Polymerase chain reaction conditions included an initial denaturation step at 94°C for 4 min, followed by 25 cycles of amplification (denaturation at 94°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 50 s), and a final extension step for 10 min at 72°C. The PCR amplicon products were visualized using 1% agarose gels, extracted from the gels, and then purified using a SanPrep PCR purification kit (Sangon Biotech, Shanghai, People's Republic of China) according to the manufacturer's instructions.
Pyrosequencing and data analysis
The PCR products of the V3-V6 region of the 16S rRNA genes were sequenced using a Roche 454 FLX Titanium sequencer. Sequence data were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (http://trace.ncbi.nlm.gov/Trace/ sra/), and the deposition number (BioProject ID) was PRJNA335690. The 16S rRNA raw sequence data were processed using the quantitative insights into microbial ecology (QIIME) version 1.7.0 software pipeline (Caporaso et al. 2010 ). The sequences were quality The actual tested value. filtered using default QIIME parameters, and poorquality sequences were eliminated from the data sets (i.e., sequences in which lengths were less than 200 bp or more than 1000 bp, there were ambiguous sequences, there was a missing quality score, the mean quality score was below 25, the maximum homopolymer run exceeded a limit of six, and the number of mismatches in the primer exceeded a limit of two). Chimeras were detected and excluded using the software B2C2 (Gontcharova et al. 2010) . Qualified sequences were clustered into operational taxonomic units (OTUs) with a 97% similarity threshold using the UCLUST algorithm. A representative sequence was chosen from each OTU by selecting the first sequence. The representative sequences were taxonomically classified using the ribosomal database project (RDP) classifier, and the confidence threshold was set at 0.8. Representative sequences were aligned against the Greengenes core set using Python Nearest Alignment Space Termination (PyNAST) software. The minimum aligned sequence length was set at 150 bp, and the minimum percent identity was set at 75%. A subsequent phylogenetic tree was built using FastTree (Price et al. 2010) . To account for unequal sequencing depth across samples, subsequent analyses were performed on a randomly selected subset of 5484 sequences per sample. For alpha diversity measurements, the estimated number of OTUs in each sample using the Chao1 index, the diversity of the populations using the Shannon index, and the amount of phylogenetic branch length observed in each sample [phylogenetic distance (PD)] were determined using QIIME. For beta diversity, differences in the microbial communities between the gastrointestinal sections were investigated using the phylogeny-based unweighted UniFrac distance metric (Lozupone et al. 2006) . Venn diagrams were drawn to illustrate the shared and specific OTUs among the different gastrointestinal tract sections using R software (Chen and Boutros 2011) .
Statistical analysis
Changes in the richness and diversity indices were analyzed with analysis of variance (ANOVA; SPSS version 17.0). An indicator value (IndVal) analysis was performed for detecting statistically significant associations between the genera and different gastrointestinal tract sections (upper gut, ileum, and lower gut) (Dufresne and Legendre 1997) . A permutational multivariate analysis of variance (PERMANOVA) test of principal coordinates analysis (PCoA) was used to validate the clustering of the microbiota according to gastrointestinal tract sections (Anderson 2005) .
Results
Ninety-eight samples from the seven different gastrointestinal tract sections of 14 chickens were used in our experiments. The pyrosequencing pipeline yielded 922 250 16S rRNA gene sequence reads from all seven gastrointestinal tract samples (n = 14). After quality filtering with QIIME default settings, a total of 736 064 16S rRNA sequence reads were retained from all gastrointestinal microbiota samples, including 86 968 reads from the gizzard, 100 282 reads from the proventriculus, 80 052 reads from the duodenum, 110 880 reads from the jejunum, 137 144 reads from the ileum, 109 662 reads from the ceca, and 111 076 reads from the cloaca. The average length of the quality checked and filtered sequences was 605 bp. The maximum length was 818 bp, and the minimum length was 200 bp.
Richness and diversity analysis
To compare the bacterial species richness and diversity in the seven gastrointestinal tract sections, the bacterial richness and diversity levels were analyzed using the number of observed species, Chao1 estimator, Shannon index, and PD index. The OTUs were grouped at the 97% similarity level. To account for unequal sequencing depth across samples, subsequent analyses were performed on a randomly selected subset of 5484 sequences per sample. This number was chosen to avoid exclusion of samples with a lower number of sequence reads from further analysis. As shown in Table 2 , the highest number of OTUs (observed species and estimated Chao1) was found in the ceca sample (882.4 ± 25.5 and 1555.6 ± 40.7), followed by the cloaca sample (776.4 ± 29.0 and 1346.0 ± 44.1), while the gizzard, proventriculus, and small intestine had relatively low microbial community richness (observed species were 224.3 ± 16.4 to 493.0 ± 23.6; the Chao1 indices were 460.3 ± 29.3 to 1068.1 ± 34.5) (ANOVA, P < 0.01). Similarly, the ceca and cloaca had higher microbial diversity (the Shannon indices 7.8 ± 0.5 and 7.6 ± 0.7 and PD indices 30.7 ± 0.6 and 31.0 ± 1.0) than the gizzard, proventriculus, and small intestine (the Shannon indices were 3.1 ± 0.4 to 4.1 ± 0.4 and PD indices were 8.4 ± 0.3 to 22.7 ± 0.5) (ANOVA, P < 0.01).
Chicken gastrointestinal microbiota composition at the phylum level
To describe the composition of the gastrointestinal microbiota, a taxon-dependent analysis was carried out using the RDP classifier. The results, shown in Fig. 1 , describe the distribution of DNA sequences into phyla (n = 14 chickens). A total of 14 bacterial phyla were identified across the seven gastrointestinal tract sections. Firmicutes was the most abundant phylum in all seven sections and comprised 83.2% ± 16.3% of the total sequences (52.5%-96.8%), followed by Bacteroidetes (0.3%-14.3%) and Proteobacteria (1.0%-3.7%). Firmicutes (52.5%-68.8%) and Actinobacteria (not detected) were relatively less abundant in the lower gut (ceca and cloaca) than other gastrointestinal tract sections. However, Bacteroidetes (12.1%-14.3%), Synergistetes (7.2%-10.1%), Verrucomicrobia (3.5%-7.9%), Tenericutes (1.5%-2.4%), and TM7 (0.2%-1.2%) were relatively more abundant in the lower gut than other gastrointestinal tract sections.
Chicken gastrointestinal microbiota composition at the family level Differences in bacterial average abundance at the family level (≥0.1% of the total sequences appearing in at least one gastrointestinal section) for the samples are shown as a heatmap in Fig. 2 (n = 14 chickens) . Regardless of which gastrointestinal sections they occurred in, the seven families, including Bacteroidaceae (0.1%-8.7%), Prevotellaceae (0.1%-1.3%), Lactobacillaceae (0.7%-96.0%), Streptococcaceae (0.1%-2.3%), Lachnospiraceae (0.1%-20.7%), Enterobacteriaceae (0.2%-1.0%), and Pseudomonadaceae (0.1%-1.8%) were defined as the core families, because they were found in all gastrointestinal tract sections. The results showed that several families contributed significantly to the differences in community composition between the sections. Lactobacillaceae (85.2%-96.0%), Pseudomonadaceae (0.5%-1.8%), Neisseriaceae (0.0%-0.4%), and Flavobacteriaceae (0.0%-0.5%) were more abundant in the upper gut (gizzard, proventriculus, duodenum, and jejunum) than other gastrointestinal tract sections. In contrast, Ruminococcaceae (29.0% ± 7.9% and 28.3% ± 3.2%), Lachnospiraceae (16.5% ± 6.3% and 20.7% ± 2.0%), Synergistaceae (10.1% ± 3.1% and 7.2% ± 3.6%), Bacteroidaceae (8.7% ± 1.4% and 6.1% ± 1.5%), Verrucomicrobiaceae (6.7% ± 0.3% and 2.6% ± 0.7%), Veillonellaceae (2.5% ± 1.7% and 3.2% ± 0.4%), Desulfovibrionaceae (1.2% ± 0.3% and 2.1% ± 0.5%), Porphyromonadaceae (0.7% ± 0.3% and 1.3% ± 0.9%), Barnesiellaceae (0.1% ± 0.2% and 0.5% ± 0.2%), Paraprevotellaceae (0.8% ± 0.4% and 0.5% ± 0.3%), Erysipelotrichaceae (0.4% ± 0.2% and 0.6% ± 0.1%), Christensenellaceae (0.7% ± 0.8% and 0.7% ± 0.5%), Coprobacillaceae (0.7% ± 0.4% and 0.6% ± 0.2%), Rikenellaceae (1.4% ± 0.6% and 0.8% ± 0.1%), RFP12 (1.1% ± 0.7% and 0.9% ± 0.7%), Catabacteriaceae (0.4% ± 0.1% and 0.3% ± 0.2%), F16 (1.2% ± 1.1% and 0.2% ± 0.3%), Alcaligenaceae (1.7% ± 0.4% and 0.9% ± 0.5%), and Prevotellaceae (1.3% ± 0.1% and 2.0% ± 0.3%) were more abundant in the lower gut (ceca and cloaca) than other gastrointestinal tract sections. Peptostreptococcaceae (7.6% ± 4.5%), Streptococcaceae (2.3% ± 0.1%), Clostridiaceae (0.9% ± 0.5%), and Helicobacteraceae (0.6% ± 1.0%) were more abundant in the ileum than other gastrointestinal tract sections. For nonpredominant families, Succinivibrionaceae appeared in the ileum and the lower gut; however, it was not detected in the upper gut. Dehalobacteriaceae, Coriobacteriaceae, Odoribacteraceae, and Deferribacteraceae appeared only in the lower gut; however, they were not detected in the upper gut and ileum. Acetobacteraceae and Spirochaetaceae appeared only in the ileum; however, they were not detected in the upper and lower guts. Fusobacteriaceae, Mycoplasmataceae, and Campylobacteraceae appeared in the upper gut and the ileum; however, they were not detected in the lower gut. Listeriaceae, Spirochaetaceae, Micrococcaceae, Pseudonocardiaceae, Cardiobacteriaceae, Flexibacteraceae, Sphingobacteriaceae, Nocardiaceae, and Note: The number of observed species, Chao1 estimator, Shannon index, and PD index were analyzed after reads subsampled to 5484 reads. The operational taxonomic units (OTUs) were defined with 3% dissimilarity. Data are expressed as average ± SD (n = 14 chickens). Brucellaceae appeared only in the upper gut; however, they were not detected in the ileum and lower gut.
Chicken gastrointestinal microbiota composition at the genus level
A total of 124 genera were identified in the seven gastrointestinal tract sections. Of these, 28 genera were found to be abundant (Fig. 3 ). These were defined as having more than 0.2% of the total DNA sequences appearing in at least one gastrointestinal tract section. The 28 genera accounted for 88.6% ± 21.3% of the total sequences from the seven gastrointestinal tract sections. The facultative anaerobe Lactobacillus was predominant in the upper gut (gizzard, proventriculus, duodenum, and jejunum) and ileum (ranging from 76.6% to 95.9%). In addition, Escherichia (0.9% ± 0.3%), unclassified Peptostreptococcaceae (7.6% ± 4.5%), and Streptococcus (1.9% ± 2.2%) were significantly more abundant in the ileum than other gastrointestinal tract sections. Pseudomonas (0.5%-1.7%) was more abundant in the upper gut than other gastrointestinal tract sections. In contrast, strict anaerobes, such as unclassified Lachnospiraceae (12.8% ± 3.0% and 16.8% ± 3.1%), unclassified Ruminococcaceae (12.8% ± 3.4% and 12.3% ± 0.9%), unclassified Synergistaceae (10.0% ± 1.1% and 7.1% ± 2.3%), Bacteroides (8.7% ± 1.4% and 6.1% ± 1.5%), and Ruminococcus (6.7% ± 0.3% and 10.3% ± 2.7%) were predominant in the lower gut (ceca and cloaca). Akkermansia (6.7% ± 0.5% and 2.6% ± 0.3%), Sutterella (1.7% ± 0.3% and 0.9% ± 0.4%), Megamonas (2.2% ± 0.6% and 2.7% ± 1.1%), Oscillospira (3.5% ± 2.2% and 2.5% ± 0.3%), and Prevotella (1.3% ± 1.0% and 2.0% ± 0.6%) were significantly more abundant in the lower gut than in other gastrointestinal tract sections. Table 3 shows the results of the IndVal analysis for indicator genera that identified significant indicators of the upper gut, ileum, and lower gut. Four genera (Lactobacillus, Pseudomonas, Ochrobactrum, and Rhodococcus) were considered as the indicators of the upper gut (IndVal > 0.6, P < 0.05). Six genera (Streptococcus, Escherichia, unclassified Peptostreptococcaceae, Helicobacter, Gallibacterium, and Butyrivibrio) were considered as the indicators of the ileum (IndVal > 0.6, P < 0.05). Seven genera (Prevotella, unclassified Lachnospiraceae, unclassified Ruminococcaceae, Ruminococcus, unclassified Synergistaceae, Sutterella, and Bilophila) were considered as the indicators of the lower gut (IndVal > 0.5, P < 0.05).
Chicken gastrointestinal lactic acid bacteria at the species level
A total of eight lactic acid bacteria species are shown in Table 4 . Lactobacillus reuteri (0.38%-3.16%), Lactobacillus agilis (0.45%-1.14%), Lactobacillus hamsteri (0.01%-0.03%), and Streptococcus alactolyticus (0.07%-1.97%) were shared among the upper gut, ileum, and lower gut. Meanwhile, Lactobacillus helveticus (0.02%-0.05%), Lactobacillus coleohominis (0.01%-0.02%), Lactobacillus salivarius (0.01%-0.11%), and Lactobacillus crispatus (0.02%-0.03%) were shared between the upper gut and ileum.
PCoA
The diversities between samples from different gastrointestinal tract sections (i.e., beta diversity) were compared, and PCoA of unweighted UniFrac distances (an evaluation of community membership that does not consider abundances) was carried out. The PCoA plot, shown in Fig. 4 , indicated that the microbial communities from each section were separated into three groups according to similarity of community composition which include the upper gut (gizzard, proventriculus, duodenum, and jejunum), ileum, and lower gut (ceca and cloaca) (PERMANOVA, P < 0.01).
Distribution of OTUs among the different gastrointestinal tract sections
To evaluate the distribution of OTUs among the upper gut (gizzard, proventriculus, duodenum, and jejunum), ileum and lower gut (ceca and cloaca), a Venn diagram was constructed (Fig. 5A) . The diagram indicated specific and shared OTUs of all gut sections. A total of 563 OTUs were identified in all gastrointestinal tract sections. This showed that 78 OTUs were shared to all three gut sections, indicating that a core microbiota might exist in the gastrointestinal tract of chickens. Although core OTUs comprised 13.9% (78 out of 563), these core OTUs contained the majority of the sequences (78.1% of the total sequences). Furthermore, despite the large number of specific OTUs in the lower Fig. 3 . Distribution of bacterial genera among the chicken gastrointestinal sections (more than 0.2% of the total DNA sequences appearing in at least one gastrointestinal section). The abscissa (x axis) represents the average relative abundance of each genus in different sections (n = 14 chickens), and the ordinate (y axis) represents the bacterial genera. Different colors represent different gastrointestinal tract sections. gut (268 OTUs), the incidence of sequences only accounted for 9.5%.
To verify the similarity of OTUs in the upper gut, a Venn diagram was constructed among the gizzard, proventriculus, duodenum, and jejunum (Fig. 5B) . A total of 228 OTUs were identified in all upper gut sections. Four different upper guts shared a large number of OTUs (59 OTUs), embracing 94.8% of the sequences. This is again verified that the four upper guts have the high similarity in the chicken.
To verify the similarity of OTUs in the lower gut, a Venn diagram was constructed between the ceca and cloaca (Fig. 5C) . A total of 450 OTUs were identified in all lower gut sections. Two lower gut sections shared a large number of OTUs (356 OTUs), embracing 96.1% of the sequences. This is again verified that the two lower gut sections have the high similarity in the chicken.
Discussion
Gastrointestinal microbiota has long been studied because of their importance for pathogen control, immune modulation, and nutrient absorption. The aim of this study was to reveal the regional similarity and dissimilarity of microbial community in the gastrointestinal tract of broiler chickens by employing pyrosequencing of the hypervariable V3-V6 region of the bacterial 16S rRNA gene. 
The columns represent the IndVal and P value of the indicator genera. Table 4 . Relative abundance of the lactic acid bacteria among the upper gut, ileum, and lower gut at the species level. In the previous study, Sanger DNA sequencing technology was primary method used for the investigation of the microbiota from intestinal samples of chickens. For example, Wei et al. (2013) performed a naive analysis of all the publically available 16S rRNA gene sequences from intestinal samples of both chicken and turkey. In that study of the 12 bacterial phyla identified in the chicken origin, Firmicutes, Bacteroidetes, and Proteobacteria were the largest phyla, accounting for >90% of all the sequences. These results agree with our study, which indicated that the three phyla Firmicutes (52.5%-96.8%), Bacteroidetes (0.3%-14.3%), and Proteobacteria (1.0%-3.7%) were predominant in the seven gastrointestinal tract sections. However, our study by 454 pyrosequencing observed the greater number of phyla (14 vs. 12) than that the study performed by Wei et al. (2013) . This result should be taken as proof that 454 pyrosequencing is more efficient for the exploration of bacterial communities.
At the family level, Lactobacillaceae was primarily dominant in the upper gut. In contrast, Ruminococcaceae, Lachnospiraceae, Synergistaceae, Bacteroidaceae, Verrucomicrobiaceae, and Veillonellaceae were dominant in the lower gut. These results are consistent with a previous study (Singh et al. 2012) , which also revealed, using pyrosequencing that the most common families in the feces were Ruminococcaceae, Lachnospiraceae, Synergistaceae, Bacteroidaceae and Veillonellaceae. Verrucomicrobiaceae, to our knowledge, has not been reported in broiler chickens. Family Campylobacteraceae was found in higher abundance in high feed conversion ratio (FCR) birds which suggests that it may be related to an infection of the intestinal epithelium by pathogens (Singh et al. 2012) . However, in our study, the relative abundance of this family was very low (0.0%-0.1%).
Previous studies (Choi et al. 2014 ) on the gastrointestinal microbiota from broiler chickens using pyrosequencing showed that facultative anaerobes, such as lactic acid bacteria (Lactobacillus, Enterococcus, and Streptococcus), were most abundant in the upper gut. Strict anaerobes such as Alistipes, unclassified Ruminococcaceae, and unclassified Lachnospiraceae were abundant in the ceca and large intestine. The present study revealed a similar degree of diversity in the gastrointestinal microbiota from broiler chickens. Lactobacillus was most abundant in the upper gut and ileum (76.6%-95.9%). Based on the culture-dependent result of our previous study (data not shown), we found that there were a great number of Lactobacillus, in which most strains belonged to the species of L. salivarius, which indicates that this bacterial community may be the most abundance among the gastrointestinal tract sections of broiler chickens. In contrast, strict anaerobes, such as unclassified Lachnospiraceae, unclassified Ruminococcaceae, unclassified Synergistaceae, Bacteroides, and Ruminococcus were most abundant in the lower gut. However, the genus Alistipes reported by a lot of studies in the chicken gut (Callaway et al. 2009; Kley et al. 2012; Choi et al. 2014) was not detected by our study. As for Clostridium, the relative abundance was 14% in the global sequence data set of chicken ceca (Wei et al. 2013 ), whereas our study indicated that it only has a small relative abundance (<1%). As for Prevotella that was the most abundant genus in the pig gut , it also accounted for approximately 15% in the ceca of laying hens (Callaway et al. 2009 ). However, our observations ranged from 0.1% to 2% in the gastrointestinal tract. Differences in host, feed, and biases associated with the PCR different region amplifications might all contribute to this discrepancy. Potential pathogens, such as Helicobacter (0.0%-0.6%) and Escheria (0.1%-0.9%), showed low relative abundances in the gastrointestinal tract, which were in agreement with previous studies on chicken gut using pyrosequencing (Singh et al. 2012; Choi et al. 2014) . Therefore, it was once again confirmed that culture-dependent methods overestimated the populations of bacteria such as Escherichia coli that easily grew on agar surface. The commensal microbiota of the gastrointestinal tract carries out many functions for the host. Many intestinal microbiotas can ferment indigestible dietary polysaccharides and oligosaccharides, which yields short-chain fatty acids (SCFAs). The SCFAs can be utilized by the host as energy and as a carbon source. Such fermentation primarily takes place in the ceca. Lachnospiraceae is known to be a beneficial bacterium in the human intestine, because of the role that plays in the fermentation of carbohydrates to SCFAs (Duncan et al. 2007 ). Maybe Lachnospiraceae has the similar role in the gastrointestinal tracts of chickens, which is abundant in the ceca and cloaca (16.5% ± 6.3% and 20.7% ± 2.0%). Most of the Ruminococcaceae also act as major degraders of resistant polysaccharides, such as starch and cellulose, and contribute a range of degradative enzyme systems that allow the host to break up plant cell walls (Collier et al. 2008) . As is known, the diets of chickens contain a lot of resistant polysaccharides, so Ruminococcaceae was abundant in the ceca and cloaca (29.0% ± 7.9% and 28.3% ± 3.2%) to digest the diets. Bacteroides that is abundant in the ceca and cloaca (8.7% ± 1.4% and 6.1% ± 1.5%) is known for its high hydrolytic activity, being a very effective degrader of indigestible carbohydrates, and also a producer of propionate (Stanley et al. 2014 ). In addition, the predominant bacteria in the upper gut and ileum, Lactobacillus (ranging from 76.6% to 95.9%), can inhibit the pathogens by producing lactic acid and bacteriocins (Su et al. 2008) .
In poultry, the stomach consists of both glandular and muscular parts, namely, the proventriculus and the gizzard. The mucosa of the proventriculus secretes acid that results in a low-pH environment in both the proventriculus and the gizzard. The function of the latter is to mechanically grind the digesta. Upon leaving the gizzard, the digesta passes into the small intestine, which is composed of the duodenum, jejunum, and ileum. The small intestine is the major site of chemical digestion and nutrient absorption. Due to the low pH and rapid passage of intestinal contents, the richness and diversity indices of the duodenum and jejunum in our study were low, which are in agreement with the study on the spatial heterogeneity and stability of bacterial community in the gastrointestinal tracts of broiler chickens (Choi et al. 2014 ). Subsequently, the digeta arrives in the ileum, in which the digestive enzyme activity is reduced and bile acids are deconjugated. As a consequence, bacterial richness and diversity indices increased in the ileum. The digesta then passes through the ileocecal junction into the large intestine (ceca and cloaca). The function of the ceca is to break down indigestible plant material and absorb water, glucose and volatile fatty acids (Clench and Mathias 1995) . Due to the low redox potential in the ceca and cloaca, the numbers of obligate anaerobic microbes are higher than those of aerobes or facultative anaerobes (Fig. 3) .
In our study, we identified eight lactic acid bacteria species among the different gastrointestinal tract sections. Lactobacillus reuteri, L. salivarius, and L. crispatus were also reported in the previous study on the chicken intestinal microbiota using pyrosequencing (Stanley et al. 2012a) . Lactobacillus coleohominis was also found in the chicken intestine correlated with the efficiency of energy extraction from feed (Stanley et al. 2013) . A study indicated that S. alactolyticus was reduced in diseased chicken ceca, so it has a potential ability as a probiotic (Stanley et al. 2012b) . Lactobacillus agilis was also found in the jejunum and ceca of broiler chickens using T-RFLP (Lan et al. 2004) . Lactobacillus hamsteri and L. helveticus were reported for the first time of chicken gastrointestinal tract, and their functions are not yet known. In a word, the outcome of this present study might be the development of probiotics, especially latic acid bacteria.
Although some degree of individual variations was observed for microbial communities in chicken gastrointestinal tract, PCoA (Fig. 4) demonstrated that the chicken groups segregated by chicken different gastrointestinal sections and different gastrointestinal sections were the largest factor in microbial communities. PCoA showed a strong similarity among the 14 individuals in the same gastrointestinal section.
Several factors influence the gastrointestinal tracts of broiler chickens including diet, dietary supplementation with antimicrobials (antibiotics and coccidiostats) and exogenous feed enzymes, broiler breed, bird age, and rearing environment (Stanley et al. 2014) . In this study, the V3-V6 region of the 16S rRNA gene was used to carry out the bacterial community analysis. As a result, for this study, the data presented should be considered as case specific.
This study establishes a basis for the regional similarity and dissimilarity of microbial community of chicken gastrointestinal tract. A follow-up study will aim to determine that there are correlations between gastrointestinal microbiota and differential feed conversion ratio in chickens. More work, such as whole genomics, culturing, and biochemical analysis, is required to characterize the functions of differential bacteria in the different gastrointestinal tracts of broiler chickens.
